Multistation observation of the electric field-changes due to lightning discharges have been made around Unoke near Kanazawa during the winters of 1976-1977 and 1977-1978. The following characteristics of the cloud discharge have been found from these observations by using the data of 221 cloud discharges in seven storms. (1) The occurrence frequency of the cloud discharge is 77* of all lightning discharges.
Introduction
In winter, cold dry air from Siberia obtains heat and moisture from Tsushima Warm Current, and cumulonimbuses develop over the Sea of Japan near Honshu Island. These clouds often develop to thunderclouds.
The Hokuriku coast is one of the most active region of the winter thunderstorms in Japan. The average surface temperature at Wajima (Refer to Fig. 1 for its location) is 4.6* at 09h in December 1976. This value corresponds to the air temperature at the altitude of about 4.0 km in July at Tateno which is one of the most active thunderstorm region in summer. Strong wind shear is formed over the Hokuriku coast in winter (Aerological data of Japan, 1976) . Electrical property of the winter thunderclouds has been considered from the above-mentioned reasons to be quite different from that in the summer thunderclouds. The observation of lightning discharges in the winter thunderstorms of the Hokuriku coast have been made at Unoke near Kanazawa since 1972. Anormalous characteristics of the ground discharges have been found on the polarity of the ground strokes by the observation of the electric field-change due to lightning discharges, and the upward streamer of the ground stroke has also been found from the video camera recording of the lightning channel (Takeuti, et al., 1973 (Takeuti, et al., , 1977 (Takeuti, et al., , 1978 .
For cloud discharges, characteristic features such as duration, heights of electric charges dissipated by a cloud discharge, and the behaviour of streamer development in the winter thunderstorms may be very different from those in the summer thunderstorms.
The investigation of the cloud discharges in the winter thunderstorms has not been made yet, and the present study reported in this paper may be the first approach to them. This paper is devoted primarily to a statistical investigation on the occurrence frequency, the duration, charge configuration and types of electric field-changes due to cloud discharges.
The direction of streamer progress deduced from the types of electric field-changes is discussed first. There are three types of cloud discharges, i.e. intracloud, cloud-to-cloud and cloud-to-air discharges, but these are not distinguished in this paper, because the discharge process for these three types is thought to be essentially the same.
The cloud-to-ground discharge is refered to the ground discharge, and all other discharges to the cloud discharge. As to the polarity of an electric field-change, a positive field-change is defined as the one which is produced by an increase of positive charge (or a decrease of negative charge) at a certain point in the overhead cloud.
Instrumentation and observation
The instrumentation used in this study is the same as the previous study and the details are given in another paper (Takeuti, et al., 1978) . The electric field meter or the 'slow' antenna was used as a basic instrument.
It consists of a fiat plate of effective area, Aeff, connected to a charge amplifier whose feedback capacitor C is shunted by a high resister R. Unoke. This antenna was used to emphasize the rapid field-changes such as those produced by return strokes and step streamers in leader streamers.
Signals recorded on the magnetic tape are reproduced by playing them back onto an optical recorder with 3.5 kHz band-width. During storm, a 5.6 cm radar and a video camera were operated at Unoke.
Observations were made at four stations in the winter of [1976] [1977] and seven stations in 1977--1978 around Unoke near Kanazawa in the Hokuriku area. Figure 1 shows the locations of these measuring stations. Crosses and open circles show the stations in 1976-1977 and 1977-1978 respectively.
It is necessary to measure the electric field strength at each station in order to estimate the charge quantity dissipated by a discharge. 1976-1977 and 1977-1978 respectively.
the effective area of the antenna plate, Aeff, was thus estimated to be equal to the actual area of the antenna plate, and then the electric field can be calculated directly by the relation, * E= C* V / (*0Aeff). There are two main sources for the calibration error.
1) The dimension of the ground plate is not sufficiently large enough to produce uniform vertical electric field.
2) The electric field intensity of the radio signal is assumed to be equal at each station, though it varies depending on the distance from Yosami station and on certain orographic condition. Yosami station locates 200 km far from Unoke.
The spacing between the farest stations is the order of 10 km, and this is not small enough compared with the distance to Yosami and the wavelength for 17.4 kHz radio signal. Total deducted error for the effective area of the antenna plate for each station was estimated to be less than about 10 percent . Since the calibration was made during the winter of 1977-1978, the quantitative analyses can be done for the thunderstorm data obtained in the same period.
Data
The data of the storms presented in this paper arc given in Table 1 . The numbers of lightning Table  1 . Summary of storm characteristics discharges were counted on the record of the electric field-changes displayed on a pen recorder. Electric field-changes exceeding a certain deflection on the recorder chart were counted to obtain the number of discharges. Consequently the actual number of discharges exceeded the numbers given in Table 1 . Storm motions were derived from the data observed with the radar at the Fukui Meteorological Observatory except storm S, for which the motion and the maximum echo height were measured with the Unoke radar. The identification of a cloud discharge was made by the optical recorder which displays the electric field-changes. Some of the ground discharges were identified directly from video camera recording. The storms B and F were very active ones. The number of lightning discharges of storm B exceeded 88 during the period of about 2 hours. The storm F was the most active one; more than 110 lightning discharges were recorded during the period of about 5 hours. The other storms were moderate, and the number of discharges were 20 to 50, as given in Table 1. 4. Results and discussion 4.1 Occurrence frequency and duration o f cloud discharge The occurrence percentage of cloud discharges in each storm is given in Table 2 . The values are approximately equal to that of summer thunderstorms (Ishikawa, 1961) . Pierce (1970) and Prentice and Mackerras (1977) presented the empirical formulas for the relationship between the ratio (z) of the cloud discharge to the ground discharge and the latitude (*); p = 0.1 (1 + (*/30)2), where p is the ratio of the ground discharge to the all discharges, i.e., p=1/(1 +z) (Pierce, 1970) , and z = 4.16 + 2.16cos3 * (Prentice and Mackerras, 1977) . These formulas show that the ratio (z) decrease with the increasing latitude. The freezing level is approximately 1 km above sea level during the winter thunderstorms of Hokuriku, and the height of the cloud base is much lower than that of the summer thunderstorms. Hence, it may be expected that the ratio of cloud to ground discharges is lower than that of the summer thunderstorms, according to the interpretations by Pierce, and Prentice and Mackerras. Table 2 , however, does not show such a low value as expected from the empirical formulas.
This fact suggests that the horizontal cloud extent which is mainly controlled by the wind shear should be considered together with the height of the cloud base in discussing the ratio of cloud to ground discharge.
The average durations measured on the records of the electric field-changes for each storm are given in Table  2 . Figure 2 shows the number of occurrence of the cloud discharge durations from the seven storms. The average value is 380 ms. This value is about the same as that of summer thunder storms (Ishikawa, 1961) .
Types o f the electric field-change
Although the electric field-change due to a cloud discharge is not simple, its general feature is possibly described to be a fairly slowly varing, smooth change containing several small rapid changes. Smith (1957) discussed the electric field-changes assuming that they were caused by the motion of negative or positive charge in the cloud and classified the variation type according to the range of distance between observation site and lightning. In the case the electric fieldchange had either one maximum or minimum, he interpreted the case as follows; when the electric field-change had a maximum, it represented descending motion of positive charge, and when the field-change had a minimum, it represented ascending motion of negative charge. The classification of the electric field-change due to a cloud discharge in summer thunderstorms was made by several investigators. Following the Takagi (1961)'s classification, the observed electric field-changes of the seven storms were classified into the five types: 1) + type, 2) -type, 3) +*-type, 4) -*+type and 5) complex type. The result is shown in Table 3 . Table 3 shows that the occurrence of type 4 is predominate in the storms B, C, F, G and Q, though the occurrence of type 2 in the storms C, G and Q is comparable to those of type 4. The occurrence of type 3 is predominate only in the storm S. It is concluded from these results that the cloud discharge in the winter thunderstorm is preferentially caused by the upward movement of negative charges. The winter thunderstorms can be classified according to the charge motion of cloud discharge and the polarity of ground discharge.
The occurrence percentages of positive strokes are very low in the storm F and very high in the storm S as shown in Table 2 . Takeuti et al. (1978) suggested that the wind shear in the cloud affected the occurrence of the positive ground discharge. Figure 3 shows the altitude profile of the wind speed in the average wind direction obtained between 1,000 mb and 400 mb at Wajima about 75 km NE of Unoke. The thundercloud of storm F seemed to develop almost vertically because of the weak wind shear. In the storm S, the variation of the electric field at Unoke a so-called inverse N type (e.g., Hatakeyama and Kawano, 1955) , which represented the motion of highly tilted positive dipole corresponding to the strong wind shear. It will be shown later that the polarity of the cloud of storm F is positive. For the storm B, positive polarity has been confirmed by ground discharges (Takeuti et al., 1978) . Thus, the winter thunderclouds are supposed to be of positive polarity. From these results, the winter thunderstorms are classified into the following three types: 1) The negative ground strokes, and the ascending negative streamer in the cloud discharge are dominant in the weak wind shear.
2) The positive ground strokes, and the ascending negative streamer in the cloud discharge are dominant.
3) The positive ground strokes, and the descending positive streamer in the cloud discharge are dominant in the strong wind shear. Figure 4 shows schematic pictures of the above three types of winter thunderstorms. Solid arrows in the figure represent the predominant direction of the discharge progress while dotted arrows represent the less frequent direction.
Charge configuration in clouds
The storm F was electrically very active, and the number of discharges exceeded 110 which was comparable to that of a severe storm in summer. Active cells passed over Unoke during the period of 0419 to 0526. It was possible for this active storm to deduce the charge configuration in clouds with the data at five stations. The time variation of electric field-changes due to cloud discharges are shown in Fig. 5 for each station. Solid curves are deduced from the calculation to be discussed later. Figure 5 shows two peaks of the electric field-change *E at Unoke and New School.
This suggests that two electrically active cells passed near Unoke.
Strong positive electric field-changes at Unoke mean that the discharge is due to the positive dipole. Figure 6 shows a picture of PPI radar echo at 0458 at Unoke. The echo moved in the direction of 70* with a speed of about 50 km/h. These clouds produced lightning discharges corresponding to the second peak at Unoke and New School around at 0455 and 0451 respectively in Fig. 5 . The center of clouds passed about 3 km north from Unoke.
As mentioned before, the thundercloud of storm F developed almost vertically.
Hence, the cloud discharge can also be approximated by the neutralization of a vertical positive dipole. The neutralization of a vertical dipole will give zero electric field-change at the horizontal distance Dp given by: D0 = h12/3h22/3(h12/3 + h22/3), where hl and h2 are the height of positive, and negative charge respectively (Smith, 1957) . Do is called as the reversal distance. Figure  7 shows the relationship between the reversal distance and the altitude of a dipole center. In the figure, d is the separation distance between the two charges.
It is noticed that the reversal distance is not significantly affected by the separation distance.
The reversal distance for the storm F can roughly be estimated by the data for the peak which appeared at 0451 at New School. The thundercloud passed about 2-3 km north of Unoke in the direction of 70* with a moving speed of about 50 km/h. * E at New School shows the maximum at 0451 and changes the sign approximately at 0447 and 0455. These are shown in Fig. 8 . The reversal distance is estimated to be about 6 km from these data. The time of *E= 0 at Unoke should be 0448-0449 Fig. 7 Relationship between reversal distance D0 and the altitude h of a dipole center. d: separation of two charges composing a vertical dipole. Fig. 8 The storm motion and its location where * E is deduced to be at maximum, and zero.
The time shown on a line A-B is deduced from the speed of the storm motion.
The time when *E is maximum at New School is taken at 0451. from the reversal distance of 6 km, as shown in Fig. 8 by the dotted line. This time corresponds to the approximate time of *E=0 at Unoke in Fig. 5 . The center height of the dipole is deduced to be about 4.5 km from the curves shown in Fig. 7 . As the maximum RHI radar echo height was 6.3 km, the height of upper positive charge is limited to be less than 6 km. The distance between two charges is less than 3 km, because the height of the dipole center is 4.5 km. It may be estimated from these values that the height of the upper positive charge is between 4.5 km and 6 km, and that the height of the lower negative charge is between 3 km and 4.5 km.
Assuming that the storm cloud and hence the location of the discharge moves along the line from A to B in Fig. 8 with a constant speed, the time variation of the electric field-change *E was calculated, which is shown in Fig. 5 by solid curves, where the heights of negative and positive charges and the amount of charges were assumed to be 3 km, 6 km, and 50 C respectively. This result agrees fairly well with observed data. From the comparison of calculated and observational results the lower negative and upper positive charges are probably located at the heights around 3 km and 6 km respectively. The air temperatures at 3 km and 6 km are found from the aerological data to be about -10* and -30* respectively . These temperatures correspond respectively to those at the level heights of negative and positive charges in the summer thunderclouds, which were found by Workman et al. (1942) and others. Workman et al. estimated the negative and the positive charge heights from the data obtained by the multistation measurements of the electric field-change.
Discussion
In summer thunderstorms, the cloud discharge starts mostly with a descending positive streamer (Takagi, 1961 , Ogawa and Brook, 1964 , and Takeuti, 1965 , although Smith (1957) found that the ascending negative streamer was dominant in Florida storms. On the contrary to the summer storms, the cloud discharge in winter thunderstorms at the Hokuriku coast starts with the ascending negative streamer. It is well known that the electrical breakdown voltage decreases with decreasing air pressure and that the breakdown voltage for the positive streamer is lower than that for the negative streamer (e.g., Blair, 1978) . Grifhths and Phelps (1976) showed that the onset fields for the propagation of positive corona streamer from the point electrode at a constant temperature of -14* were about 1.8 * 105 V/ m at 500 mb and 4.O * 105 V/ m at 850 mb respectively.
Hence a descending positive streamer from higher altitude seems to develop more likely than an ascending negative streamer. However, the cloud discharges in the winter thunderstorms have been found in the present study to start preferentially from the lower negative charges.
On the other hand, the role of corona from ice hydrometeors and the colliding drops is important in connection with the initiation of lightning discharge.
Many laboratory experiments were made to investigate the corona from the various types of hydrometeors (e.g., Latham and Stromberg, 1977) . Richards and Dawson (1971) suggested that the collision of a pair of raindrops was able to emit corona streamers at relatively weak electric fields. This possibility was investigated experimentally by Crabb and Latham (1974) . Griffiths and Latham (1974) investigated the electrical corona from ice hydrometeors.
They found that the critical applied electric field required to produce corona from various types of ice hydrometeors decreased linearly with decreasing air pressure. These experiments showed that the critical electric field for corona onset was different from the types of hydrometeors.
It is difficult to estimate the types of hydrometeors from which the corona start in the thunderclouds.
As mentioned before, the air temperatures in the negative and the positive charge regions in the winter thunderclouds are the same as those in the summer thunderclouds.
The effect of hydrometeors on the corona onset in the winter thunderclouds is supposed to be the same as that in the summer thunderclouds.
Accordingly, it will be suggested that the lower negative charges are more concentrated than the upper positive charges in the winter thunderclouds and that the local electric field of the lower part of clouds is stronger than that in the positively charged region.
Conclusion
It was found by the simultaneous electric field observations at the Hokuriku coast during the winter seasons of 1976 to 1978 that the cloud discharges in the winter thunderstorms preferentially develop by the ascending negative streamers in contrast with those of the summer thunderstorms. The winter thunderstorms are classified into three types according to the direction of the streamer development of cloud discharges and to the polarity of ground strokes.
The type of the storm is found to be closely related with the grade of the wind shear. Although the laboratory experiments show that the positive streamer develops more easily than the negative one, the present study gave the result of high occurrence frequency of negative streamers: This fact suggests that there is high concentration of negative charges in the lower part of the winter storm cloud, which produces a strong electric field.
The breakdown may be initiated by the negative streamers owing to the local strong electric field around the negative charges.
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